Introduction
Distal arthrogryposis 3 (DA3)/Gordon syndrome (GS), DA5 and Marden-Walker syndrome (MWS) share a broad spectrum of similar phenotypes to describe congenital contractures of multiple joints that mainly involve congenital contractures of hands and feet, cleft palate, ptosis, cerebellar malformations, ophthalmoplegia, as well as pulmonary hypertension, which may be caused by decreased intrauterine movement, or due to neurological, muscle or connective tissue development disease (1) (2) (3) (4) (5) (6) (7) (8) . Previous studies also indicated that mechanotransduction is important for these biological and pathological processes, including sensory perception and embryonic development of organs, which is mediated by mechanosensation in proprioceptors, including muscle spindles in or the Golgi tendon organs in tendons that are able to sense mechanical forces upon cell membranes through mechanically activated ion channels, and propagate proprioceptive information by different nerve fibers (9) .
Piezo type mechanosensitive ion channels (PIEZOs), including PIEZO component 1 (PIEZO1) and PIEZO2, are very large proteins with numerous predicted transmembrane domains per subunit, and are evolutionarily conserved in plants and animals (10) . PIEZOs are expressed in a broad range of different tissue and cell types, including urinary bladder, lungs, kidneys, cartilage and dorsal root ganglion (DRGs) (11) . In 2010, PIEZO1 and -2 were identified as the mechanically activated ion channels, and to have crucial roles in numerous mechanotransduction processes, including touch perception, proprioception and vascular development (12) . A
Mutations in PIEZO2 contribute to Gordon syndrome, Marden-Walker syndrome and distal arthrogryposis:
A bioinformatics analysis of mechanisms previous study indicated that constitutive deletion of PIEZO1 and -2 in mice leads to developmental lethality (13) . PIEZO1 has a crucial role in the development of the mouse vasculature, and is required for mechanical force-induced cation influx in red blood cells (14, 15) . PIEZO2 is expressed in a subset of DRG neurons that innervate the skin, hair follicles and Merkel cells to form low-threshold mechanoreceptors for the detection of light touch in mammals (13, (16) (17) (18) . PIEZO2 is also a principal mechanically activated mechanotransducer in low-threshold skeletal muscle-innervating proprioceptors in mice (17) . Mutations in PIEZO2 have been reported to cause DA3, DA5 and MWS. Numerous dominant gain-of-function mutations, as well as recessive loss-of-function mutations, have been reported, including gain-of-function mutations that destabilize inactivation structures and lead to an overall increase of calcium influx, and frameshift mutations and out-of-frame exon skipping that lead to termination of protein synthesis through premature termination codons or nonsense-mediated decay of PIEZO2 transcripts (2-7). In spite of the marked improvement achieved by previous studies, a systematic study analyzing and comparing the influence of different mutations on PIEZO2 transcription, translation and protein function is currently lacking, to the best of our knowledge. Therefore, the present study aimed to systematically evaluate the effect of different pathological mutations of PIEZO2 on its transcription, as well as on translation and protein structure/function that contribute to DA3, DA5, MWS and associated diseases based on a bioinformatics analysis.
Materials and methods

Acquisition of pathological mutation information of PIEZO2.
The pathological mutation information for PIEZO2 was obtained from the ClinVar database (https://www.ncbi.nlm. nih.gov/clinvar/), and further information was yielded from published studies found on PubMed. A number of studies that reported exact mutations in PIEZO2 (1) (2) (3) (4) (5) (6) (7) (8) were included in the present study. However, certain studies that reported pathological deletions or repetitions in the chromosome region that included PIEZO2, but did not exactly confirm whether PIEZO2 was the pathological gene were excluded from the present study (19) (20) (21) . (24) , the amino acid sequences of normal and mutant PIEZO proteins were entered and the protein structures were predicted and analyzed.
Results
Reported mutation information of PIEZO2.
A total of 27 pathological mutations were obtained from the ClinVar database and references, which included 6 de novo mutations, 10 dominant mutations and 11 recessive mutations. Among these mutations, gain-of-function mutations (dominant/de novo mutations) were located in the middle and C-terminal region, but mainly in the C-terminal region, particularly in the 52nd exon region. Loss-of-function mutations (recessive mutations) were located in the middle and N-terminal region, but mainly in the N-terminal region ( Table I) .
Conservation of mutation sites in PIEZO2.
The sequence blast results of the PIEZO2 protein obtained from BioEdit software (version 7.0.5; downloaded from http://www.mbio. ncsu.edu/bioedit/bioedit.html) indicated that most mutation sites exhibited high conservation among different species, particularly in the C-terminal region. For mammals, all mutation sites exhibited high conservation in Homo sapiens, Mus musculus and Odocoileus virginianus texanus. However, the p.R462* mutation was distinctive between humans and other species (Table II) .
Effect of gain-of-function mutations of PIEZO2 on protein structure and function.
Regarding recessive mutations of PIEZO2, a previous study has indicated that they lead to loss-of-function of PIEZO2 due to nonsense-mediated decay of PIEZO2 transcripts or termination of protein synthesis through premature termination codons (3).
Regarding gain-of-function mutations, including E2727del and I802F, a previous study indicated that these two abovementioned mutations of PIEZO2 facilitate faster recovery of mechanically activated currents from inactivation, with E2727del leading to a slowing of inactivation, resulting in increased channel activity in response to mechanical stimulus (6) . However, how these mutations influence the structure of PIEZO2 protein to affect the protein function remains to be elucidated. In the present study, the bioinformatical analysis results indicated that these mutations, including p.Ala1486Pro, p.Thr2221Ile and p.Glu2727del, modify the α-helix structure, whereas p.Thr2356Met would modify the α-helix and transmembrane helix structure (Fig. 1) . In addition, the p.Thr2221Ile, p.Arg2718Leu and p.Arg2718Pro mutations lead to a reduction of the solvent accessibility of the PIEZO2 protein, whereas p.Arg2718Pro may change the α-helix to a loop structure for the 8-state secondary structure (SS8), and modifies the α-helix to a coil for SS3 (Fig. 2) .
The p.Ala1486Pro mutation changes the 32nd transmembrane region (S32) of PIEZO2 protein, while the p.Thr2221Ile and p.Ser2223Leu mutations influence S32-S37 of the PIEZO2 protein. p.Thr2356Met changes S37. p.Arg2686His, p.Arg2718Leu, p.Arg2718Pro and p.Glu2727del modify S39 (Fig. 3) .
Discussion
Proprioception is the perception of body and limb position mediated by proprioceptors, namely innervate muscle spindles and Golgi tendon organs, two types of mechanoreceptor in skeletal muscles. Mechanotransduction is important for sensory perception and embryonic development of organs and tissues (9,10). PIEZO2 is a highly conserved non-selective Clinical phenotypes included short stature, scoliosis, gross motor impairment and a progressive form of contractures involving the distal joints with impaired proprioception and touch.
f Clinical phenotypes included hypotonia, distal laxity, contractures, feeding difficulties at birth. NMD, nonsense-mediated decay of PIEZO2 transcripts; PIEZO2, Piezo type mechanosensitive ion channel component 2; DA3; distal arthrogryposis 3; GS, Gordon syndrome; MWS, Marden-Walker syndrome. Table II . Conservation of mutant sites of PIEZO2 in different species. 
Amino acid in different species -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
Deviation from evolutionarily conserved sequence. and mechanosensitive cation channel (25) . In line with this, the results of the present study demonstrated that these reported mutation sites are highly conserved. PIEZO2 mutations have been reported to be linked with arthrogryposis, including GS/DA3, DA5, MWS and other associated diseases (2, 3, 5, 6) . However, the clinical manifestations of the PIEZO2-associated diseases display a great variation. Heterozygous gain-of-function mutations in PIEZO2 are of autosomal-dominant inheritance and contribute to GS/DA3, DA5 and MWS (6) . In addition, numerous recessively inherited PIEZO2-associated diseases included arthrogryposis and other symptoms that overlap with GS/DA3, DA5 and MWS, but which may not be diagnosed as GS/DA3, DA5 or MWS due to certain distinct clinical manifestations (1,3) . Dominant gain-of-function mutations are mainly localized at the C-terminal end of PIEZO2. Recessive loss-of-function mutations are distributed across the PIEZO2 protein but mainly in the N-terminal region, and do not map to any hotspots as is the case for dominant gain-of-function mutations. The results of the present study also confirm this. A previous study indicated that gain-of-function mutations in PIEZO2 lead to a deceleration of PIZO2 channel inactivation and/or faster recovery from inactivation, resulting in increased channel activity (6) . This may be due to these mutations being mainly located in the last several exons of PIEZO2 and thus, transcripts carrying these mutations are expected to escape nonsense-mediated transcript decay or premature termination codons, while mainly influencing the protein structure and function. By contrast, loss-of-function mutations may result in nonsense-mediated transcript decay or premature termination codons, consequently leading to a lack of PIEZO2 protein (1,3) . The presence of distinct clinical phenotypes between or even among the gain-and loss-of-function mutations of PIEZO2 linked with PIEZO2-associated diseases implies that different mutations in PIEZO2 have different effects on disease pathophysiology, which may depend on the type of mutation and the mode of inheritance.
Although the structure of PIEZO2 protein remains to be determined, the high-resolution cryo-electron microscopy structure of murine PIEZO1 has been published (26) , which offers useful information for the prediction of the structure and function of PIEZO2 protein. A previous study speculated that the C-terminal region of PIEZO2 and PIEZO1 has regulatory roles for this ion channel, which may offer certain clues regarding gain-of-function mutations (27) . In the present study, the bioinformatical analysis revealed that the p.Ala1486Pro, p.Thr2221Ile and p.Glu2727del mutations modify the secondary structure of PIEZO2 protein. Furthermore, the p.Thr2221Ile, p.Arg2718Leu and p.Arg2718Pro mutations reduce the solvent accessibility of PIEZO2 protein. The p.Ala1486Pro, p.Thr2221Ile, p.Ser2223Leu, p.Thr2356Met, p.Arg2686His, p.Arg2718Leu, p.Arg2718Pro and p.Glu2727del mutations affect the transmembrane region of PIEZO2. These mutations may change the activity of PIEZO2 to enhance its function. In a previous study, similar characteristics were reported for other ion channels (28) .
In summary, the results of the present study further confirm that dominant and recessive mutations were present in PIEZO2, with dominant mutations being mainly located in the C-terminal region, whereas recessive mutations were mainly located in the N-terminal region. No overlap was present between these hotspots, and most reported mutation sites exhibited high conservation in different species, particularly in the C-terminal region. Loss-of-function mutations may result in nonsense-mediated transcript decay or premature termination codons, consequently leading to a lack of PIEZO2 protein, whereas gain-of-function mutations of PIEZO2 lead to a slowing of PIZO2 channel inactivation and/or faster recovery from inactivation, resulting in increased channel activity. The bioinformatical analysis also suggested that the p.Ala1486Pro, p.Thr2221Ile and p.Glu2727del mutations modify the secondary structure of PIEZO2 protein, while the p.Thr2221Ile, p.Arg2718Leu and p.Arg2718Pro mutations reduce the solvent accessibility of PIEZO2 protein.
In addition, the p.Ala1486Pro, p.Thr2221Ile, p.Ser2223Leu, p.Thr2356Met, p.Arg2686His, p.Arg2718Leu, p.Arg2718Pro and p.Glu2727del mutations affect the transmembrane region of PIEZO2. These mutations may change the activity of PIEZO2 that may contribute to an enhanced function of PIEZO2. Variable clinical phenotypes were present between and among the gain-and loss-of-function mutations linked with PIEZO2-associated disease, which implied that different mutations in PIEZO2 have different pathophysiological effects. Of course, further functional, electrophysiological and high-resolution cryo-electron microscopy studies are required to explore the precise structure and function of PIEZO2, which may offer useful clues for the prevention and treatment of PIEZO2-associated disease.
